Tissue remodeling during embryogenesis is driven by the apical contractility of the epithelial 10 cell cortex. This behavior arises notably from Rho1/Rok induced transient accumulation of non-11 muscle myosin II (MyoII pulses) pulling on actin filaments (F-Actin) of the medio-apical 12 cortex. While recent studies begin to highlight the mechanisms governing the emergence of 13 Rho1/Rok/MyoII pulsatility in different organisms, little is known about how the F-Actin 14 organization influences this process. Focusing on Drosophila ectodermal cells during germband 15 extension and amnioserosa cells during dorsal closure, we show that the medio-apical 16 actomyosin cortex consists of two entangled F-Actin subpopulations. One exhibits pulsatile 17 dynamics of actin polymerization in a Rho1 dependent manner. The other forms a persistent 18 and homogeneous network independent of Rho1. We identify the Frl/Fmnl formin as a critical 19 nucleator of the persistent network since modulating its level, in mutants or by overexpression, 20 decreases or increases the network density. Absence of this network yields sparse connectivity 21 affecting the homogeneous force transmission to the cell boundaries. This reduces the 22 propagation range of contractile forces and results in tissue scale morphogenetic defects. Our 23 work sheds new lights on how the F-Actin cortex offers multiple levels of regulation to affect 24 epithelial cells dynamics. 25
Introduction 26
Animal cells can actively modify their shape in order to complete complex processes such as 27 cell migration, division or cell shape changes during tissue morphogenesis. These behaviors 28 arise from the contractile properties of the actomyosin cortex and its ability to build up tension 29 by sliding MyoII molecular motors over anti-parallel arrays of crosslinked actin filaments 1,2 . 30 preserved in both C3-transferase injected and RhoGEF2 -/embryos ( Fig. 2b) . Indeed, by 126 measuring the mean levels, we found that, the average medial F-Actin density was only slightly 127 reduced under these inhibitory conditions (Fig. 2c ). This shows that the persistent network 128 assembly does not rely on the mechanisms promoting the cortical pulsed contractility. 129
We next tested the impact of Rho1 pathway inhibition on F-Actin polymerization during MyoII 130 pulses. To this end, we monitored single cell total fluorescence intensity profiles and quantified 131 the standard deviation as a proxy to measure pulsatility (Fig. 2d,e ). Note that we processed 132 these profiles with a high-pass filter to eliminate the low frequency components and isolate the 133 effect of pulses in our measurements (see Methods and Supplementary Fig. 1d ). Following this 134 method, we found that, like the apical cell area and MyoII intensity, the fluctuations of medial 135 F-Actin levels were significantly reduced upon Rho1 pathway inhibitions (Fig. 2f ). These 136 results demonstrate that, contrary to the persistent network, the pulsatile pool of medial F-Actin 137 is chiefly regulated by Rho1 signaling. 138
In a second step, we pursued our investigations by focusing on amnioserosa cells during DC 139 and asked whether a differential regulation of the medio-apical F-Actin is also present in this 140 tissue. However, since the C3-transferase is not membrane permeable and RhoGEF2 -/embryos 141 were unable to reach such a late embryonic stage due to earlier requirements, we used alternate 142 strategies. We first took advantage of the salt and pepper expression pattern of engrailed-GAL4 143 (en-GAL4) in the amnioserosa to drive the over-expression of a Rho1 dominant negative form, 144 UAS-Rho1N19, in randomly located amnioserosa cells. To identify these over-expressing cells, 145 we recombined the en-GAL4 driver with a fluorescent nuclear marker, UAS-NLS::RFP, to act 146 as a reporter of expression (see Methods and Fig. 3b ). We observed that, as expected when 147
MyoII is inhibited, the cells over-expressing Rho1N19 did not undergo pulsed contractility (see 148 yellow ROI in Fig. 3a and Supplementary Movie 7). Strikingly, as in ectodermal cells during 149 germband extension, our quantifications revealed that only the pulsatile pool of F-Actin, and 150 not the persistent network, was perturbed upon Rho1 inhibition (see similar medial F-Actin 151 density in Fig. 3c and reduced medial F-Actin pulsatility in Fig. 3d ). These results establish 152 that, in both ectodermal and amnioserosa cells, the medio-apical F-Actin network consists of 153 two independently regulated but entangled pools of filaments. On one hand, a pulsatile pool of 154 F-Actin polymerizing under the control of Rho1 signaling and, on the other hand, a persistent 155 network whose assembly does not depend on this pathway (see diagram Fig. 3h ). 156
In a last experiment, we wanted to know if the emergence of medial F-Actin pulsatility was 157 dependent on MyoII activation. To do so, we inhibited the Rho associated kinase (Rok) in 158 amnioserosa cells, by injecting the cell-permeable H-1152 compound 13 in embryos at the DC 159 stage. Interestingly, while these injections were successful to inhibit MyoII pulses and the apical 160 cell contractility, our quantifications revealed that both the persistent network and the pulsatile 161 polymerizations of F-Actin were preserved in this condition ( Fig. 3e-g 
and Supplementary 162
Movie 8). The dynamics of F-Actin pulses was however modified upon Rok inhibition, with 163 pulses tending to last longer and be larger than in controls (see yellow frames in Fig. 3e ). 164
Although these changes likely reflect the role of MyoII contractility in shaping pulses of F-actin 165 polymerization, we conclude that the emergence, per se, of such pulses does not rely on 166
Rok/MyoII activity itself. Overall Rho1 signaling is responsible for both MyoII and F-Actin 167 pulsatility but uses different downstream effectors (see diagram Fig. 3h ). 168
The Frl formin promotes the persistent F-Actin network assembly. 169
While our results clearly demonstrated the role of Rho1 signaling in the emergence of medial 170 F-Actin pulsatility, the mechanisms underlying assembly of the medial apical actin network in 171 the early germband and in the amnioserosa are unknown. We performed an shRNA screen to 172 identify the factor(s) responsible for the persistent network assembly. Since the network density 173 is relatively low, we focused our efforts on the actin nucleators of the formin family, known to 174 promote the assembly of sparse F-Actin networks 17 . By first looking at the actomyosin 175 dynamics in amnioserosa cells, we noticed that a down-regulation of the Frl/Fmnl formin leads 176 to a clear loss of medial F-Actin density in the time interval between two MyoII/F-Actin pulses 177 (see "no pulse" vs "pulse" in Fig. 4a and Supplementary Movie 9). This result led us to consider 178
Frl as a good candidate for the persistent network assembly and to further investigate its 179 function in both ectodermal (GBE) and amnioserosa cells (DC). 180
First, to confirm our loss of function phenotype, we produced a null allele of frl (frl 59 ) by 181 adopting a CRISPR deletion strategy (see Methods). While this allele revealed to be semi-lethal 182 and semi-sterile, we succeeded to cross homozygote parents (frl 59/59 ) and obtained 183 maternal/zygotic null embryos. In a complementary approach, we also studied the effect of a 184 Frl gain of function by overexpressing a UAS-Frl wt construct using a 67-GAL4 driver (condition 185 referred as Frl OE ). In both tissues, we observed that the expression level of Frl affects the 186 persistent actin network density: the panels in Fig. 4b,c indicated "no pulse" show the reduced 187 network density in frl 59/59 mutants and the increased network density in Frl OE embryos (see also 188 Supplementary Movies 10,11). Furthermore, as we will further describe below, we also found 189 that Frl influences the pulsatile pool of F-Actin, especially in amnioserosa cells, by reducing 190 the amplitude of pulses (the more Frl, the weaker pulses). In light of this observation, we 191 carefully designed our quantification methods to measure the persistent network density, 192 considering that both the persistent network and the pulsatile pool account for the medial F-193 Actin levels and that Frl affects these two sub-populations. We first looked at the distribution 194 of the medial F-Actin density and compared the relative changes between conditions ( Fig. 4d,e) . 195
Modulating the Frl expression induced a shift in the medial F-Actin density distributions, 196 towards lower values in frl 59/59 mutants and towards higher values in Frl OE embryos ( Fig. 4d ,e, 197 arrows above the graphs), consistent with a decrease or an increase of the persistent network 198 density. 199
Next, to address how Frl levels influence the persistent network density independent of its 200 contribution to the pulsatile pool of F-Actin, we monitored single cell mean fluorescence 201 intensity profiles for the MyoII/F-Actin and selected the 20 % time-points for which the MyoII 202 signal was the lowest (Fig. 4f ). Considering these time-points as inter-pulses period, we then 203 measured and averaged the corresponding mean F-Actin levels (F-Actin baseline) and observed 204 that, in both tissues, lowering the Frl levels induced a reduction of medial F-Actin density while 205 overexpressing Frl produced the opposite effect ( Fig. 4g ). These results confirm that Frl plays 206 a pivotal role in the persistent network assembly in ectodermal and amnioserosa cells. 207
Frl antagonizes Rho1-induced medial pulsed contractility. 208
To better characterize how modulating the Frl levels also influences the pulsatile pool of F-209 Actin and the medio-apical contractility in general we monitored the medio-apical actomyosin 210 levels and the apical cell area fluctuations by looking at the standard deviations of high-pass 211 filtered single cell profiles ( Fig. 5a-d and Supplementary Movies 12,13). In amnioserosa cells, 212 the loss of the Frl (frl 59/59 ) resulted in a clear increase of both the MyoII/F-Actin and the apical 213 cell area fluctuations. In contrast, its overexpression (Frl OE ) produced the opposite effect ( Fig.  214   5d ). We observed similar tendencies in ectodermal cells, albeit to a lower extent ( Fig. 5c ). 215
Taken together these quantifications showed that, beyond its role in the persistent network 216
assembly, Frl counteracts the medial actomyosin pulsatility and the apical cell surface 217
deformation. 218
We further tested whether the effect on pulsation is cell autonomous of whether it involves cell 219 interactions. As we did with Rho1N19 (see Method and Fig. 3a ), we overexpressed Frl using 220 the engrailed-GAL4 driver to see if the Frl effect on the pulsed contractility can be obtained in 221 isolated amnioserosa cells ( Fig. 5e and Supplementary Movie 14). We observed that cells 222 overexpressing Frl displayed an increased persistent network density (see distribution shift in 223 Fig 5f) and a reduced F-Actin pulsatility and apical cell area fluctuations (Fig. 5g ). This 224 experiment confirmed that Frl antagonizes the medial actomyosin pulsatility and that this effect 225 occurs cell autonomously. 226
We then asked whether Frl influences the actomyosin pulsatility by modulating the level of 227 Rho1 activity (Rho1GTP) during pulses. To address this question, we monitored the medio-228 apical localization of the Rho1 binding domain of anillin fused to eGFP (AniRBD::eGFP) in 229 amnioserosa cells. This construct acts as a sensor to follow Rho1 activity in vivo since it 230 specifically binds to the GTP bound form of Rho1 13,29 . We next combined the sensor with a 67-231
Gal4 driver to either overexpress a UAS driven shRNA (Frl shRNA ) or the UAS-Frl wt construct 232 (Frl OE ) in embryos ( Fig. 5h and Supplementary Movies 15). We observed and measured (see 233
Methods, Supplementary Fig. 2a and Supplementary Movies 16) that reducing the Frl levels 234 enhanced the amplitude of AniRBD::eGFP pulses while overexpressing the formin led to the 235 opposite effect ( Fig. 5i,j) . This allowed us to conclude that Frl significantly affects the apical 236 cell contractility by modulating the levels of Rho1 activation. 237
Overall, we conclude that tuning the Frl levels act as a switch between two distinct modes of 238 medio-apical contractility. At zero/low level of Frl (frl 59/59 and Frl shRNA ) the persistent network 239 is seriously weakened and the actomyosin pulses have an increased amplitude. Consequently, 240 cells undergo more pronounced cell shape changes. In sharp contrast, the cells overexpressing 241
Frl are more static, showing a low contractility and a dense persistent network (see diagram 242
Fig. 5k). 243
Cellular and tissue scale effects of Frl loss or gain of function. 244
We next wanted to know if changes in cellular behavior observed following the modulation of 245 the Frl levels can in turn influence the overall tissue dynamics. To answer this question, we first 246 monitored ectodermal cells undergoing convergent extension (GBE) by segmenting cells 247 individually ( Fig. 6a and Supplementary Movie 17). Since convergent extension is driven by 248 cell intercalation (T1 events) and that cell intercalation itself is powered by MyoII pulses 7,30,31 , 249 we tracked T1 events and monitored cell area fluctuations as a read out of pulsatility. Our 250 measurements revealed that ectodermal cells intercalate and fluctuate more in frl 59/59 mutants 251 and less in Frl OE than in control embryos (see inserted time projection in Fig. 6a and 252 quantifications in Fig. 6b ,c). In general, the occurrence of T1 events and the intensity of apical 253 cell area fluctuations are positively correlated across conditions (Pearson coefficient = 0.61, 254 sig. 6.1 x 10 -6 , Fig. 6d ). This suggests that active fluctuations favor T1 events and that Frl, by 255 tuning these fluctuations locally, can impacts the germband dynamics at the tissue scale. 256
Interestingly, while increasing cell intercalation (frl 59/59 ) does not speed up germband extension 257 reducing the occurrence of T1 events (Frl OE ) slows it down (assessed by following the posterior 258 mid gut in DIC movies, see Fig. 6e ,f and Supplementary Movie 18). This observation is 259 consistent with previous reports that reducing cell intercalation, using other mutant conditions 260 (e.g. eve mutants, Toll2, 6, 8 RNAi), impaired germband extension 32,33 . 261
In a second step, we studied how modulating the Frl levels affects tissue dorsal closure. As we 262 have seen before, the Frl mutant phenotype is particularly pronounced in amnioserosa cells, as 263 a lack of Frl induces a strong increase of actomyosin pulsation and apical cell area fluctuations 264 (see Fig. 5 ). We also noticed that modulating the Frl levels changes the way cells deform, with 265 cells in the frl 59/59 condition being more irregularly shaped than in control and, even more so, 266 than in Frl overexpressing embryos (see time projected cell boundaries in Fig.6g and 267 Supplementary Movie 19). Using convex hull (see Methods and Fig. 6h ) we measured that cells 268 present indeed more inward and outward convolutions in the Frl loss of function than in the 269 other conditions (see Fig. 6i ). Since amnioserosa cells provide the main forces necessary to 270 complete dorsal closure 34,35 , we assumed that these local modification of the cellular behavior 271 could underlie dorsal closure defects. We therefore imaged embryos at a lower magnification 272 and measured the time elapsed between the end of germband retraction and the complete lateral 273 epidermis closure (Fig. 6j,k and Supplementary Movie 20). By comparing control and Frl 274 shRNA expressing embryos (Frl shRNA ), we found that down-regulating Frl induces tissue scale 275 defects and slows down closure by ~15% ( Fig. 6l ). It appeared that in many Frl shRNA embryos 276 dorsal closure occurs only from the posterior side and not from both posterior and anterior sides 277 like in controls (see white arrows in Fig. 6l ). We suggest that despite reinforcing pulsatility, the 278 reduction of Frl levels (Frl shRNA ) increases cell deformability and could also impair the 279 capability of amnioserosa cells to efficiently propagate contractile forces across junctions and 280 pull on the lateral ectoderm. In other words, Frl may be required for generate an effective large-281 scale tissue tension. This could be explained by the fact that reducing the persistent network 282 density leads to an overall decrease of apical cortex stiffness, known to increase drastically right 283 at the onset of dorsal closure in WT embryos 36 . 284
The persistent network promotes the propagation of MyoII-induced contractile forces. 285
This led us to address how the persistent network the propagation of contractile forces in the 286 tissue. To that end, we focused on the amnioserosa cells, where the modulation of Frl levels 287 had the strongest phenotypic consequences. We observed that pulses tend to contract the whole 288 apical surface in control cells while, in frl 59/59 cells, they exert contractile forces mostly on their 289 close surroundings where pulsatile F-Actin is dense ( Fig. 7a ). This is especially striking when 290 a pulse travels through the mutant cells, only contracting nearby AJs (Supplementary Movie 291 21). As a result, pulses in the frl 59/59 mutant generally do not affect the distant parts of the cell, 292 except when some sparse radial filaments, emitted by the pulse itself, connect to the AJs (Fig.  293 7b). This can lead to surprising deformation dynamics, with distant AJs expanding while nearby 294
AJs are contracting ( Fig. 7a ). Together, these results suggest that F-Actin supports the 295 transmission of contractile forces between pulses and AJs. In control cells, the homogeneous 296 persistent network distributes evenly contractile forces to the periphery while, in frl 59/59 cells, 297 the lack of this network leads to a heterogenous transmission of these forces (Fig. 7c ). This is 298 consistent with our previous quantification of increased deformation heterogeneity in frl 59/59 299 cells ( Fig. 6j-l) . 300
Next, to further characterize how the heterogeneity of F-Actin distribution impacts pulsed 301 contractility, we measured the distance at which contractile forces propagate within the cell and 302 tissue. To do so, we performed a KLT analysis measuring the speed at which tracked apical F-303 Actin structures move towards the pulse as a function of their distance to the pulse. (see Fig.  304 7d, Methods, Supplementary Fig. 2b ,c, and Supplementary Movie 22). After binning results 305 according to distance, we were able to produce speed propagation curves and compare 306 measurements between conditions ( Fig. 7e ). In all cases, speeds were higher near the pulse and 307 decayed gradually with the distance However, we observed that the decay length is strikingly 308 shorter in frl 59/59 cells that in controls, despite the fact that we actually measured higher speeds 309 at close range in mutant cells. This results in a crossover between the frl 59/59 and control curves. 310
Note however that such a crossover was not present between Frl OE and control cells, although 311 contraction amplitudes were different. These results indicate that the homogeneous persistent 312 network promotes propagation of contractile forces at longer range. 313
We first reasoned that the F-Actin network behaves as a continuous material and the shorter 314 decay length observed in frl 59/59 cells might result from a reduction of the so-called 315 hydrodynamic length. Indeed, mechanical information typically does not propagate beyond this 316 length, which is the distance within reach before internal dissipation occurs 23 . In a viscoelastic 317 scenario, this distance increases with stiffness. This is consistent with our observations, as 318 frl 59/59 cells display an overall reduction of F-Actin density, which is likely to reduce the 319 effective stiffness. However, the time required to propagate over the hydrodynamic length is 320 typically the dissipation timescale. In F-Actin networks, dissipation is highly influenced by 321 filaments turnover which have been measured to occur over timescales no shorter than 10s, and 322 possibly more 37-39 . We did not observe such contraction delay between local and distant regions 323 of the cell ( Supplementary Fig. 2d ). Within the propagation range, contractions occur almost 324 simultaneously. This rule out the hypothesis wherein Frl tunes the propagation range by 325 affecting the hydrodynamic length. 326
We next reasoned that heterogeneity of connectivity to distant AJs might reduce the propagation 327 range of contractile forces. To test this hypothesis, we designed a numerical model in which the 328 cell boundary is discretized (see Methods and Supplementary Fig. 2e ). The pulse position is 329 chosen randomly, and a contraction force directed towards the pulse is applied to elements of 330 the cell boundary. To consider the variable connectivity of the network, we assume that the 331 probability for an element of the boundary to be connected to the pulse (and thus to directly 332 undergo the contractile force) decays on a length scale with the distance to the pulse, 333 ~ / . This view is reminiscent of percolation systems in which the size of connected 334 subregions increases with density 40 . Clearly, should be small in a low connectivity situation 335 (frl 59/59 cells), when there is no persistent network. Yet even in this scenario, a distant element 336 has a non-zero probability to be connected to the pulse, consistent with our observations of 337 sparse radial filaments in frl 59/59 cells. In contrast, should increase when the network density 338 increases (WT and Frl OE cells), so that when is large enough, the whole cell boundary is 339 eventually connected to the pulse. 340 First, our model recapitulates the cell contraction phenotypes observed in the different 341 conditions ( Fig. 7f and Supplementary Movie 23). When is small, force is mostly transmitted 342 to proximal boundary regions, and connection to distant AJs is very sparse. As a result, 343 contraction is heterogeneous, and possibly leads to local expansion in distant regions due to 344 area constraints. When increases, both connectivity and contraction become more 345 homogeneous. Consequently, directly impacts the shape of contracting cells, and simulations 346 with a small value of lead to more convoluted cell shapes, as previously observed for frl 59/59 347 cells (compare simulations in Fig. 7g and actual in vivo measurements in Fig. 6j -l). In 348 simulations, we also observe that variability is much higher when is small ( Fig. 7g ). This 349 directly results from the stochastic nature of the low connectivity regime, in which only a 350 random subset of boundary elements is connected. The more boundary elements are connected 351 to the pulse, the more reproducible the deformation pattern becomes. Interestingly, variability 352 was also much higher in frl 59/59 cells than in control cells ( Fig. 6i ), which further indicates 353 sparse, random connectivity to AJs. Second, we averaged the movement towards the pulse as a 354 function of the distance to the pulse for a wide range of ( Fig. 7h ). This recapitulated 355 qualitatively the observations of Fig. 7e , in particular the crossover between propagation curves 356 at low . Interestingly, when increases beyond cell size, connectivity eventually saturates, 357 and no more crossovers occur between curves of high . This is consistent with our results when 358 comparing the WT and Frl OE cells ( Fig. 7e ). 359
Overall, our results indicate that the persistent F-Actin network acts as a support for the robust 360 transmission of contractile forces. Absence of this network yields sparse connectivity, which 361 affects homogeneous force transmission to the cell boundaries, and reduces the propagation 362 range of contractile forces. 363
Discussion

364
While most studies concerning the pulsed cortical contractility focused on deciphering the 365 mechanisms underlying the emergence of MyoII pulsatility, we focused here on how the 366 cortical F-Actin influences this process in embryonic Drosophila epithelial cells. We showed 367 that, in both ectodermal (GBE) and amnioserosa cells (DC), the medio-apical cortex consists 368 of two differentially regulated, but entangled subpopulations of actin filaments. These two 369 populations share the same sub-cellular localization but undergo distinct spatio-temporal 370 dynamics and influence the pulsed cortical contractility in a different way. The pulsatile F-371
Actin, together with MyoII, promotes local cell deformations while the persistent homogeneous 372 network ensures homogeneous connectivity between pulses and the AJs and hence spatial 373 propagation of deformation. We identified the Frl/Fmnl formin as a critical nucleator promoting 374 the persistent network assembly. This constitutes a new role for the Frl/Fmnl formin since so 375 far it has been mainly described as participating to the lamellipodia/filopodia formation [41] [42] [43] [44] . It 376 would be interesting to know if, like in other systems, Frl is regulated by either Cdc42 41,44,45 or 377 Rac1 46 to promote the persistent network assembly. Furthermore, it is likely that other formins 378 participate to the persistent network assembly, especially in the germband since the lack of Frl 379 (frl 59/59 ) only partially reduces the network density (see Fig. 4b ). The DAAM formin would 380 constitute a first good candidate since it has been shown that DAAM and Frl cooperate during 381 axon growth in the mushroom bodies of Drosophila 45 . 382
Although the pulsatile and persistent actin networks show different dependencies on Rho1 383 activity, we reported that Frl antagonizes the medio-apical Rho1 dependent contractility. 384
Further work is required to identify the crosstalk mechanisms operating between Frl and the 385 pulsed contractility. To this end, it will be interesting to draw from previous studies reporting 386 that the F-Actin can negatively feedback on Rho1 activation 11,15 . Indeed, it is possible that, like 387 in the C.elegans zygote, some Rho1 inhibitors (e.g. RhoGAPs) bind to cortical F-Actin in our 388 systems. Consequently, modifying the persistent network density, through Frl loss or gain of 389 function, could in turn modulate the levels of apical Rho1 activation. It has also been shown 390 that advection acts as a positive feedback for pulsatility, by increasing the local concentration 391 of upstream regulators (e.g. Rho1 and Rok) 13 . It will therefore be interesting to study how the 392 persistent network influence advection and how lowering/increasing the network density affects 393 this feedback mechanism. 394
Our data also revealed that modulating Frl levels has an impact on epithelial dynamics at the 395 cellular and tissue scale (see Fig. 6 ). Although this is probably due in part to the effect of Frl 396 on the medial actomyosin pulsatility, we designed a series of analysis to understand how the 397 persistent network may influence the pulsed contractility in mechanical terms. It was suggested 398 that the medio-apical F-Actin acts as a scaffold to transmit contractile forces to the AJs and, by 399 extension, to the surrounding tissue 7,47-49 . Our results revealed that the persistent network does 400 indeed play a key role in this process by promoting the uniform distribution and the propagation 401 of contractile forces at longer range. We also devised a numerical model recapitulating 402 qualitatively our experimental measurements and providing solid evidences arguing that Frl 403 influences epithelial dynamics through the persistent network assembly, independently from its 404 effect on the actomyosin pulsatility. 405
Overall, this work sheds new light on how the cortical F-Actin layer assembles in vivo and how 406 its dynamic organization influences MyoII-induced stress propagation. Our findings echo to 407 previous experimental and theoretical studies demonstrating that the F-Actin network, through 408 its cross-linking state 50-53 , the length of its filaments 22 or its turnover 48 can mediate the 409 amplitude and the length scale at which cortical stresses propagate. We showed here that the F-410
Actin cortex is composed of differentially regulated sub-populations of filaments influencing 411 its mechanical properties, distinctly, namely contraction and spatial propagation of cortex 412 deformation. Tissue morphogenesis requires interaction between different cellular and tissue 413 level deformation whose propagation in space and time are little understood. It will be important 414 to unravel how cells may tune in different stages of development or in different tissues these 415
properties. Our work suggests that actin network regulation is an important part of this 416 regulatory process. 417 
Constructs and transgenesis 791
The frl 59 mutant was generated by the CRISPR/Cas9 technique 56 . In brief, two 21 nt long 792 gRNAs, GAGCAACTTTGCTTTATCCGG and GTCGTTTATCGCGCACCCTGG, were 793 designed with homology to the second and last coding exons of frl, respectively, and cloned 794 into the pCFD4 vector. After germ cell-specific simultaneous expression of Cas9 and the 795 gRNAs, we collected frl mutant candidates from the second generation which were validated 796 by PCR and sequencing. Based on the sequencing data, the expected ~ 8640 bps deletion was 797 detected from the genomic DNA of the mutant strains. We next associated the null frl 59 allele 798
(3 rd chromosome) with a sqh-eGFP::UtrCH, sqh-Sqh::mKate2 recombinant carried on the 2 nd 799 chromosome. From this stock, we selected male and female adult fly homozygote for Frl 59 and 800 cross them together to study the effect of a maternal/zygotic depletion of Frl on the actomyosin 801 dynamics. 802
Live imaging 803
Embryos were prepared for live imaging as previously described 57 and movies were acquired 804 at room temperature (22°C) at stage 7-8 for ectodermal cells during GBE and at stage 13-14 for 805 amnioserosa cells during DC. All live imaging has been performed using a dual camera 806 (QImaging, Rolera EM-C 2 , EMCCD) spinning disc (CSU-X1, Yokogawa) on a Nikon Eclipse 807
Ti inverted microscope (distributed by Roper) managed by the MetaMorph software. Dual color 808 imaging of eGFP and mCherry/mKate2 FPs was obtained by simultaneously exciting 809 fluorophores with a 491 nm and a 561 nm laser and using a dichroic mirror to collect emission 810 signals on two cameras. We used the following Nikon objectives : 10X/N.A. 0.25 dry, 811 40X/N.A. 1.25 water and a 100X/N.A. 1.4 oil. For the 100X movies, we focused on the most 812 apical part of epithelial cells, performing Z-series of 1 to 6 planes separated by 0.33 µm and 813 acquired every 1 to 10 seconds (see exact imaging conditions in the supplementary movies 814 legend). For the 40X movies ( Fig. 6c-f ), we searched to monitor epithelial dynamics and filmed 815 for that only one optical section at the AJs level every 20 seconds. For the 10X movies ( Fig.  816 6g-i), we imaged Z-series of 10 planes separated by 5 µm every 3 minutes, to capture most of 817 the embryo volume over the duration of the DC process. In all cases, imaging conditions 818 (exposure time, laser power) were optimized and kept constant between controls and perturbed 819 embryos. 820
Drug injections 821
To inhibit the Rho1 GTPase in ectodermal cells during GBE, we injected the C3-transferase 822 exoenzyme (from Cytoskeleton, Inc), resuspended in water at 0.5 µg/µl, in the yolk of pre-823 gastrulating embryos. Injections had to be performed just before the end of cellularization to 824 allow this non-cell permeable drug to penetrate the cells without impairing, too early, the first 825 movement of gastrulation. To inhibit the Rok kinase in amnioserosa cells during DC, we 826 injected the H-1152 compound (from Tocris Bioscience), resuspended in water at 40 mM, in 827 the perivitelline space of embryos. Before the injections, the embryos were slightly dried by 828 being exposed during ̴ 7 min to the Drierite (Sigma-Aldrich), to prevent cells from being 829 expelled from the vitelline shell. Injections have been performed on the imaging microscope 830 using an InjectMan4 micromanipulator and a FemtoJet 4i microinjector from Eppendorf. 831
Embryos were imaged either ̴ 10 min (C3-transferase) or ̴ 2 min (H-1152) after injection. 832
Embryos fixation and phalloidin staining 833
To validate the eGFP::UtrCH probe, we compare the live localization of F-Actin obtained using 834 the probe with fixed embryos stained by phalloidin ( Supplementary Fig. 1a ). To do so, we fixed 835 embryos in a half-half mix of heptane and 8% paraformaldehyde (diluted in PBS) for 30 836 minutes under constant shaking. The embryos were then washed in PBS 10% BSA and hand 837 devitellinized using a thin syringe needle. We next incubated embryos for 2 hours at room 838 temperature in a blocking/permeabilizing PBS 10% BSA + 0.3% triton X-100 solution. The 839
OregonGreen 488 phalloidin (from Invitrogen) was diluted 1/50 in PBS 10% BSA and the 840 staining was performed at room temperature for 30 minutes. Before mounting, the embryos 841 were washed a last time in PBS without BSA. Imaging was performed on a Leica LSM SP8 842 microscope using a 100X/N.A. 1.4 oil objective. 843
Image processing and data analysis 844
Used software 845
All image processing and data analysis have been performed using the ImageJ or Matlab 846 software, either separately or together using the MIJ plugin (D.Sage, D.Prodanov, C.Ortiz and 847 JY.Tivenez, retrieved from http://bigwww.epfl.ch/sage/soft/mij). The graphics were produced 848 using OriginPro software and exported to Adobe Illustrator for final processing. 849
Automatic cell segmentation 850
To measure fluorescence intensities in the medio-apical cortex, we first designed an automated 851 cell segmentation procedure based on watershed algorithms ( Supplementary Fig. 1b ). To 852 achieve this, we used the eGFP::UtrCH signal from the lower planes of our Z-series (AJs 853 planes) and reduce the images size (x 0.33) to speed up the procedure. We then run the 854 DIPimage watershed algorithm (retrieved from http://www.diplib.org/dipimage) and made a 855 custom Matlab/ImageJ code to select and track segmented cells over time. If required 856 (especially for the 40x movies), we manually corrected the segmentation results using the 857 Tissue Analyzer ImageJ plugin (B.Aigouy, retrieved from https://grr.gred-858 clermont.fr/labmirouse/software/WebPA) 58 . The Tissue Analyzer plugin was also used in Fig.  859 6c-f for automatic detection of irreversible T1 events (cell intercalation). 860
Image processing and measurements 861
To prepare the 100X images for quantification we first maximum-projected our Z-series over 862 the 2 to 4 most apical planes. We then evaluated and subtracted the cytoplasmic background by 863 measuring fluorescence intensities on the lower Z-planes. For this purpose, we projected the 864 lower planes as we did for the apical planes and manually drew circular ROIs to measure the 865 cytoplasmic levels ( Supplementary Fig. 1c ). This step is critical to properly measure the total 866 amount of fluorescence in the ever-changing apical cell surface. For example, without 867 background subtraction, pulses cannot be properly timed since the fluctuations of the apical 868 surface introduce a shift in the measurement of medial fluorescence levels. Finally, we 869 measured the medio-apical fluorescence intensities using the ROIs obtained by segmenting the 870 cells and shrunk these ROIs, by 10 pixels for ectodermal cells or 15 pixels for amnioserosa 871 cells, to prevent the junctional signal from contaminating the measurements. According to 872 cases, we either measured the mean or the integrated medial fluorescence intensities to, 873 respectively, get information about the density or the total levels of the considered fluorescent 874
protein. 875
Measuring the level of pulsed contractility 876
During this study we repeatedly assessed the level of pulsed contractility by comparing the 877 medial actomyosin pulsatility and the apical cell area fluctuations ( Fig. 2f ; 3d,g ; 5c,d,g ; 6e) . 878
To do so, we measured the standard deviations (SDs) of individual cell profiles after 879 normalizing data to the mean and removing the low frequency components using an IIR 880
Butterworth high-pass filter (Matlab signal processing toolbox). We choose a cutoff frequency 881
(1/300s for ectodermal cells during GBE and 1/600s for amnioserosa cells during DC) that we 882 multiply by 0.75 or 1.25 to respectively define the stop and the pass band frequency 883 ( Supplementary Fig. 1d ). The high-pass filter allowed us to isolate the effect of pulsed 884 contractility by discarding the contribution of slower variations of the apical surface. Indeed, it 885 appeared that the apical cortex tends to steadily increase/decrease its surface over the time of 886 recording ( ̴ 450 seconds for GBE or ̴ 900 seconds for DC) influencing, therefore, our SDs 887 measurements. Removing the low frequency components revealed particularly required to 888 measure the F-Actin pulsatility since the density of medial filaments tend to scale with the 889 apical cell surface. 890
Cross-correlation analysis 891
To evaluate how the pulsatile F-Actin accumulations synchronizes with the MyoII pulses and 892 the cycles of apical constriction we performed a cross-correlation analysis, comparing the 893 variation of the total medial F-Actin levels with either the variation of the total medial MyoII 894 levels or the fluctuation of apical cell area (Fig. 1i,j) . In both cases, we pre-processed our data 895 using a mean normalization and a high-pass filter (see above). The normalized cross-correlation 896 have been calculated for individual cells using the following formula, where is the time, is 897 the total time of analysis and is the time delay: 898 To quantify the levels of Rho1 activity during pulses we measured the amplitude of 905 AniRBD::eGFP accumulations during contractile events (Rho1GTP sensor) ( Fig. 5h-j) . 906
However, since we were unable to segment cells using the AniRBD::eGFP signal, we designed 907 a live pulse tracking procedure working directly on unsegmented images ( Supplementary Fig.  908 ??). To do so, we used a Matlab implementation of the DBSCAN clustering algorithm (S. 909 Mostapha Kalami Heris, retrieved from http://yarpiz.com/255/ypml110-dbscan-clustering) 910 integrated to a custom code for automatization. This method allowed us to isolate clusters of 911 AniRBD::eGFP signal based on two main parameters : the distance ε and the minimum number 912 of points that must be within an ε radius for these points to be considered as a cluster. We then 913 converted these clusters into ROIs, using convex hulls (minimum area polygon containing the 914 cluster), and tracked overlapping ROIs over time to follow individual pulses. After filtering 915 pulses, based on ROIs sizes and tracks duration criterions, we measured the amplitude of 916 AniRBD::eGFP pulses by measuring the maximum of total fluorescence intensity for each 917 track. 918
Cell shape regularity measurements 919
To measure how regularly cells were shaped, we compared the segmented cell boundary with 920 the convex hull formed by connecting vertices (Fig. 6j-l ; 7g ). We next quantified the area 921 occupied by the inward/outward convolutions of the actual cell shape and divided it by the 922 surface of the convex hull. In doing so, we obtained a ratio whose value indicates the 923 convolution level of the segmented cell shape (the higher the value the more convoluted is the 924 shape). We calculated this ratio for every cell at every time point and then compare it between 925 conditions. 926
KLT / pulse analysis 927
To quantify the propagation of MyoII pulsatile stresses within the cortex, we measured the 928 speed at which tracked apical F-Actin structures (eGFP::UtrCH signal) displace toward the 929 pulse center during contractile events. We first tracked these apical F-Actin structures using a 930
Kanade-Lucas-Tomasi features tracking algorithm (KLT) 59,60 implemented in C (S.Birchfield, 931 retrieved from https://cecas.clemson.edu/~stb/klt) whose tracking results have been exported to 932 Matlab for further processing. Briefly, the KLT algorithm first detects discrete features within 933 the image by examining the minimum eigenvalue of each 2 by 2 gradient matrix. These features 934 are then tracked over time following a Newton-Raphson method of minimizing the difference 935 between the two windows. Finally, to minimize tracking mistakes, each feature is checked by 936 an affine consistency test, comparing the spatial distribution of the feature and its neighbors at 937
given time-point to the time-point at which the feature was first detected 61 . In our case, since 938 the medio-apical F-Actin is in a constant reorganization, we were not able to follow features 939 over long periods and therefore had to replace them during the movie in order to produce 940 enough data. Considering only the tracks whose duration exceed three time-points, we obtained 941 in average ̴ 50,000 tracks per embryo, each of these containing the x y coordinates of the 942 tracked feature. 943
We next sought to detect pulses, in time and space, in order to define the reference points from 944 which our propagation measurements were made. To do so, we first designed an automated 945 pulse detection procedure, working on the smoothed derivatives of high-pass filtered total 946 medial MyoII levels (see Auto. pulse detection (time) in Supplementary Fig. 2b ). This 947 procedure, based on the "findpeaks" function of the Matlab Signal Processing Toolbox, allowed 948 us to detect and define temporal landmarks within pulses (ti : initial time ; tdmax : max derivative 949 ; tmax : max amplitude ; tdmin : min derivative ; tf : final time) and to adjust the detection 950 sensitivity using parameters such as the peak prominence, the peak width and the peak 951 prominence over width ratio. In a second time, we implemented another Matlab routine to 952 monitor the medial MyoII center of mass within contracting cells (see Auto. pulse detection 953 (space) in Supplementary Fig. 2c ). To perform this analysis, we first removed the junctional 954
MyoII (post-processing) and used a combination of gaussian blurs and thresholding steps to 955 isolate the MyoII signal actually belonging to a pulse. Once defined, we averaged the positions 956 of the MyoII center of mass between the tdmax and tdmin time-points and used this reference point 957 (pulse center) for our propagation measurements (Fig. 7d) . 958
Finally, to produce the propagation curves in Fig. 7e we averaged the speed, between tdmax and 959 tdmin, at which the KLT tracked apical F-Actin structures converge toward the pulse center 960 (define as describe above). This averaging step allowed us to smooth the curve profile and to 961 focus only on the period corresponding to the apical cell contraction (convergence of apical F-962 Actin structures). We then binned data according to the distance and plotted the measured speed 963 toward the pulse as a function of the distance to the pulse. 964
Numerical modeling 965
We consider a single cell submitted to a contraction due to an actomyosin pulse. The cell is 966 represented by a discretized contour of N attachment sites (we use N=100 in the simulations). 967
Six of the sites represent the vertices of the cell. Initially, they are regularly distributed along 968 the contour. The sites are submitted to the following forces: 969 -An area constraint in the form of cell area elasticity: 970 ⃗ = − ( − ) ⃗ 971 is the area stiffness, i.e. the strength associated to the area constraint, is the area of the 972 cell, its target area, and ⃗ the unit radial vector. The origin is taken at the cell center of 973 mass. 974 -A line tension along the cell contour. The site pulls on the neighboring sites − 1 and + 1: 975 ⃗ , ± = − , ± ⃗ , ± 976 is the line tension constant, , ± the distance between sites and ± 1, and ⃗ , ± the unit 977 vector along the segment joining sites and ± 1. 978 -To mimic the traction of adjacent cell junctions on vertices, we assume that sites 979 corresponding to vertices undergo an additional elastic force: 980
is the strength associated to the elastic force, and the distance of the vertex to its initial 982 position. ⃗ is the unit vector along the segment joining the vertex to its initial position. 983 -An active contraction force distributed among the connected attachment sites. The contraction 984 force on site is: 985
Where is either 1 or 0 (connected / not connected, see below), ( ) is the amplitude of the 987 contraction force, and ⃗ is the unit vector along the segment joining site to the pulse center. 988
In each simulation, the position of the pulse center is chosen randomly anywhere inside the cell. 989
The probability that a site of the cell contour is connected to the pulse depends on its distance 990 to the pulse: 991 = / 992 is a connectivity length scale, and a direct indicator of network density. A sparse network will 993 result in a short , while a dense network will result in a long . Note that we consider that the 994 pulse has a non-zero spatial extension, with radius . The probability that an attachment site 995 within the pulse radius is connected to the pulse is equal to 1. Hence the distance is computed 996 as the distance to the pulse circumference. 997
The amplitude of the contraction force ( ) is: 998 ( ) = 1 2 (1 − cos(2 / )) 999
The amplitude on each site / is normalized to the number of connected sites so that the 1000 total work produced does not depend on the number of connected sites. We assume that the 1001 contraction amplitude oscillates with period . Due to the periodicity, we limit the simulations 1002 to one period. 1003
